While high-risk human papillomaviruses (HPVs) have been identified as necessary risk factors for the development of cervical cancer (7), the role of HPV in skin cancer, which is the most common cancer in Caucasians, is still undefined (3, 23). A first link between papillomaviruses and skin cancer was obtained in 1935 from an animal model system, when Rous and Beard (40) described the development of squamous cell carcinomas (SCCs) in rabbits after experimental infection with cottontail rabbit papillomavirus (CRPV). Initial benign warts develop into invasively growing SCCs without any further cocarcinogens within 6 to12 months in the vast majority of the animals (50). A similar situation has been described for humans, where in the rare genetic disorder epidermodysplasia verruciformis, patients develop flat HPV-induced warts which progress in up to 60% of the cases into mostly primary SCCs (36, 37). Skin cancer has also been recognized as a common side effect in long-term-immunosuppressed patients, who have a 65-fold-increased risk for this disease. Shortly after the onset of immunosuppressive therapy, HPV-induced warts develop, and after 20 years of immunosuppression, nonmelanocytic skin cancer can be found in up to 70% of the patients (8). As in the case of epidermodysplasia verruciformis patients, the lesions seem to progress from warts through dysplastic lesions into SCC (4, 16, 43) . Although HPV-associated SCCs have been found in 65% (43) or 81% (4) of the cases, the mechanisms leading to the development of skin cancer and especially the role of papillomaviruses are not yet fully understood.
While high-risk human papillomaviruses (HPVs) have been identified as necessary risk factors for the development of cervical cancer (7) , the role of HPV in skin cancer, which is the most common cancer in Caucasians, is still undefined (3, 23) . A first link between papillomaviruses and skin cancer was obtained in 1935 from an animal model system, when Rous and Beard (40) described the development of squamous cell carcinomas (SCCs) in rabbits after experimental infection with cottontail rabbit papillomavirus (CRPV). Initial benign warts develop into invasively growing SCCs without any further cocarcinogens within 6 to12 months in the vast majority of the animals (50) . A similar situation has been described for humans, where in the rare genetic disorder epidermodysplasia verruciformis, patients develop flat HPV-induced warts which progress in up to 60% of the cases into mostly primary SCCs (36, 37) . Skin cancer has also been recognized as a common side effect in long-term-immunosuppressed patients, who have a 65-fold-increased risk for this disease. Shortly after the onset of immunosuppressive therapy, HPV-induced warts develop, and after 20 years of immunosuppression, nonmelanocytic skin cancer can be found in up to 70% of the patients (8) . As in the case of epidermodysplasia verruciformis patients, the lesions seem to progress from warts through dysplastic lesions into SCC (4, 16, 43) . Although HPV-associated SCCs have been found in 65% (43) or 81% (4) of the cases, the mechanisms leading to the development of skin cancer and especially the role of papillomaviruses are not yet fully understood.
Thus far, the only model system for studying the progression of papillomavirus-induced skin tumors is the domestic rabbit infected with CRPV. Infection of domestic rabbits with CRPV particles or viral DNA leads to the development of local tumors within 3 to 6 weeks postinfection. These papillomas progress within 6 to 12 months in more than 80% of the cases into invasively growing and finally metastasizing carcinomas (45; S. Jeckel, unpublished data). Only in very few individual rabbits do papillomas persist in the benign state, and even fewer regress. This progressive behavior does not depend on any other known cofactor besides the viral infection, which makes CRPV an important model for papillomavirus-associated skin disorders in order to study the role of viral and cellular gene expression during cancer development.
Earlier studies using more descriptive methods, such as RNA-RNA in situ hybridization, showed no pronounced qualitative or quantitative changes in viral gene expression during malignant progression (50) . The primary target cells localized in the bulge region of hair follicles already revealed rather high expression of E6 and E7 mRNAs (42) , which remains a constant feature from papillomas through carcinomas to lung metastases (50, 52) . Therefore it seems most likely that alterations in cellular gene expression further influence the malignant progression of papillomavirus-induced tumors.
In order to detect either progression-inhibiting or progression-promoting functions regarding carcinogenesis, we searched for genes which are differentially expressed in CRPVinduced papillomas versus carcinomas of domestic rabbits. The method of suppression subtractive cDNA hybridization (18) was used for a first screen, genes identified were subsequently quantified by real-time reverse transcription-PCR (RT-PCR), and their expression in tumor cells was confirmed by RNA-RNA in situ hybridization and laser capture microdissectionbased quantitative RT-PCR analysis. Here we show that the malignant progression of CRPV-induced tumors is accompanied by an upregulation of genes that are directly involved in cell motility and tissue invasion. Some of these genes have already been described to be potential prognostic markers for other cancers and are regulated by or contribute to the extracellular signal-regulated kinase (ERK)/mitogen-activated protein kinase (MAPK) pathway. By transfection of small interfering RNAs (siRNAs) specific for the most prominent upregulated genes, such as those for the Y-box binding protein YB-1, calpain2, or thymosin ␤, in a CRPV-positive New Zealand White rabbit keratinocyte cell line, we observed decreased transmigration of the cells through matrigel.
MATERIALS AND METHODS
Specimens. New Zealand White rabbits were inoculated with CRPV (6 ϫ 10 6 CRPV particles per infection site) with a pedo jet injector (Ventron Medical Products) as described previously (9) . For rabbits 1, 2, and 3, biopsies were taken at 13 months postinfection. Rabbits 4, 5, 6, and 7 were inoculated with 6 ϫ 10 6 CRPV particles per infection site by use of a tattoo machine, and biopsies were taken at 3 months (for papillomas) and 13 months (for carcinomas) postinfection. Papillomas as well as carcinomas were taken from seven individual rabbits. All tumors developed without any further treatment. The biopsies were snap frozen after surgical excision and stored at Ϫ70°C until required. All biopsy samples used for the study were classified and reviewed for histopathological diagnosis by two pathology experts.
RNA extraction and mRNA isolation. Total RNA was extracted from biopsies by using Trizol reagent (Invitrogen, Karlsruhe, Germany). Prior to reverse transcription, RNA was treated with RQ1 RNase-free DNase (Promega, Mannheim, Germany) or DNase I (amplification grade; Invitrogen). An mRNA separator kit (Clontech, Heidelberg, Germany) was used to isolate mRNA from total RNA according to the manufacturer's protocols.
Suppression subtractive cDNA hybridization. Isolation of differentially expressed genes was performed by the suppression subtractive cDNA hybridization technique (18) with a PCR-Select cDNA subtraction kit (Clontech) and 1 g of mRNA per biopsy. The resulting cDNA fragments were cloned into the pT-Adv vector (AdvanTAge PCR cloning kit; Clontech).
DNA sequencing and database searching. DNA sequencing of the cloned cDNA fragments was carried out by using the M13 reverse primer GAAACAG CTATGACCATG, the T7 promoter primer GTAATACGACTCACTATA GGG, and the BigDye terminator cycle sequencing kit (Applied Biosystems, Warrington, United Kingdom) with an ABI PRISM 310 Genetic Analyzer (Applied Biosystems). Sequences were compared to sequences in GenBank of the National Center for Biology Information (NCBI) by using the programs BLASTN and TBLASTX.
Recombinant plasmids. For generating the standard curve to quantify transcripts in biopsy samples by quantitative RT-PCR, plasmid standards were constructed. To obtain cDNAs specific for each transcript, ready-to-use RT-PCR beads (Amersham Pharmacia Biotech Inc.) were used with 500 ng of total rabbit RNA and 0.3 M gene-specific primers (Table 1) in a conventional RT-PCR under the following conditions: reverse transcription at 42°C for 30 min; denaturation at 95°C for 10 min; and 45 cycles of denaturation at 95°C for 20 s, annealing at 55°C for 20 s, and extension at 72°C for 40 s. PCR products were cloned into pCR2.1-TOPO (Invitrogen). The identities of the cDNAs were verified by sequencing.
The siRNA expression vector (pSUPER) for generating gene-specific siRNAs has been described previously (10) . The constructs pSUPER-p50, pSUPERcalpain 2, pSUPER-thymosin ␤, and pSUPER-luc were derived by single-strand annealing of the oligonucleotides (12.5 g each) of the target sequences (for sequences, see Table 1 ) and subsequent cloning of the double-stranded oligonucleotides into the pSUPER-vector between the BglII and SalI restriction sites or the BglII and HindIII restriction sites (for pSUPER-luc). Unique target sequences for mRNP particle major protein p50/YB-1, the rabbit homologue of calpain 2 (rh calpain 2), and rh NB thymosin ␤ were identified by siRNA finder (Ambion). The target sequence for the luciferase gene has been described previously (20) . Sequences were verified by DNA sequencing. Quantitative RT-PCR. Prior to quantitative PCR, DNase I-treated total RNA was reverse transcribed by using the TaqMan reverse transcription reagent kit (Applied Biosystems) and oligo(dT) primers for 1 h at 42°C. Each quantitative PCR mixture included 50 ng of cDNA and 0.4 M sequence-specific primers (for sequences, see Table 1 ), with a final MgCl 2 concentration of 4 mM. PCR was carried out either with the LightCycler-Fast-Start Master SYBR Green I kit (Roche, Mannheim, Germany) in the LightCycler instrument (Roche) or with the SYBR Green PCR core reagents kit (Applied Biosystems) in the 5700 sequence detection system (Applied Biosystems); the two systems showed identical results. In the LightCycler the reaction mix was denatured at 95°C for 10 min and amplified with 45 cycles of denaturation at 95°C for 10 s, annealing at 52°C for 10 s, and extension at 72°C for 20 s. When the 5700 sequence detection system was used, the reaction mixture was denatured at 95°C for 5 min and amplified with 45 cycles of denaturation at 95°C for 20 s, annealing at 52°C for 20 s, and extension at 72°C for 40 s. In order to quantify the absolute amount of transcripts in the biopsy samples, standard curves were generated with 10-fold dilutions of plasmids containing cloned cDNA fragments. Following quantitative PCR amplification, melting curves were determined for the amplicons of the plasmid standards and the biopsy samples. By comparison of the melting points of the amplicons of the biopsy samples and the plasmid standards, the specificity of the amplicons could be verified. Absolute transcript numbers of the genes were normalized to ␤-actin transcripts determined for each cDNA.
DNA extraction and real-time PCR. DNA from biopsies was isolated by proteinase K digestion in 0.1 M EDTA (pH 8.0)-0.05 M Tris (pH 8.0)-0.5% sodium dodecyl sulfate followed by phenol-chloroform extraction and ethanol precipitation. CRPV copy numbers were determined by quantitative real-time PCR from 30 ng of total DNA with 0.25 M sequence-specific fluorescently labeled probes and 0.5 M sequence-specific primers (Table 1) derived from the CRPV E7 gene with a final MgCl 2 concentration of 3 mM. PCR was carried out with the LightCycler system under following conditions: denaturation at 95°C for 10 min and then amplification with 40 cycles of denaturation at 95°C for 10 s, annealing at 55°C for 10 s, and extension at 72°C for 20 sec. CRPV copy numbers were normalized to the cell numbers obtained by measuring ␣-tubulin copies in 30 ng of DNA with the LightCycler system. Laser capture microdissection. Serial 5.0-m cryostat sections were mounted on uncoated glass slides and stored at Ϫ70°C. Immediately before dissection, sections were fixed with 95 and 70% ethanol (15 s each), stained with hematoxylin for 30 s, rinsed in deionized water, dehydrated for 15 s in 70% ethanol, stained with eosin for 5 s, and dehydrated for 15 s in 95% ethanol followed by 1 min in xylene. The sections were air dried and microdissected with a PixCell II laser capture microdissection system (Arcturus Engineering, Mountain View, Calif.). Approximately 100,000 of epidermal papilloma and carcinoma cells were microdissected and stored on microdissection caps at Ϫ70°C until required. Total RNA was isolated by using Trizol reagent (Invitrogen). Four caps with papilloma cells and four caps with carcinoma cells were pooled for isolation of total RNA.
Construction of probes for in situ hybridization analysis. To construct in vitro transcription vectors for the synthesis of mRNA-specific riboprobes, the RT-PCR products obtained as described above were cloned into in vitro transcription vector pSP72 (Promega). The correct orientation of the inserts was confirmed by DNA sequence analysis. All clones were linearized by restriction digestion prior to in vitro transcription. In vitro RNA synthesis (sense and antisense orientations) (Riboprobe Combination System SP6/T7; Promega) in the presence of 35 S-UTP (50 Ci of a 400-mCi/mmol preparation) and the appropriate RNA polymerase was followed by alkaline hydrolysis to reduce the probe length to approximately 300 nucleotides (15) . The quality of the RNAs was controlled by polyacrylamide gel electrophoresis and autoradiography. The probes were applied at a concentration of 5 ϫ 10 5 cpm per section. RNA-RNA in situ hybridization. For RNA-RNA in situ hybridization, serial cryostat sections of biopsy material mounted on aminopropylsilane-coated slides were fixed in 4% paraformaldehyde in phosphate-buffered saline and then de- SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), and preincubated for 2 h at 42°C covered by solution I, which contained 45% formamide, 0.6 M NaCl, 2.5ϫ Denhardt's solution, 10 mM Tris-HCl (pH 7.5), 1 mM EDTA, 0.1% (vol/ vol) sodium dodecyl sulfate, and 0.15 mg of tRNA per ml. After removal of the prehybridization solution, the tissue sections were incubated for 16 h at 42°C with 35 S-labeled antisense riboprobes (5 ϫ 10 5 cpm) in solution I containing 10% (wt/vol) dextran sulfate. The incubated slides were washed in 50% formamide-1ϫ SSC at 55°C, treated with RNase A (10 g/ml), washed five times for 20 min each in 0.1ϫ SSC at 55°C, dehydrated, and finally coated with Kodak NTB-2 emulsion. All slides from one experiment were developed after the same exposure time (10 days) to allow the direct comparison of signal strengths obtained with different probes. Hematoxylin-and-eosin-counterstained sections were evaluated and photographed with a Zeiss Axiovert 200 microscope with a dark-or bright-field condenser. The level of background signals for RNA hybridization was determined by using the corresponding sense riboprobes.
Cell culture. Primary keratinocytes from New Zealand White rabbits were isolated from rabbit skin epithelium as described previously for the isolation of human keratinocytes from human foreskin (41) . Primary cell cultures were maintained in supplemented keratinocyte serum-free medium (KSFM) (Invitrogen). To obtain CRPV-containing keratinocytes, cells were grown to 70% confluency on a 60-mm-diameter dish and infected with CRPV by incubation with 4.8 ϫ 10 6 CRPV particles diluted in 2.5 ml of KSFM for 16 h. Virus was removed the next day, and cells were further maintained in KSFM. At passage 18, the presence of integrated CRPV DNA was confirmed by Southern blot analysis (data not shown). The cell line was designated AVS.
Transient matrigel invasion assay. Approximately 5 ϫ 10
5 AVS cells were seeded into 60-mm-diameter dishes. The next day cells were transfected in the presence of 5 l of Lipofectamine (Invitrogen) with 750 ng of siRNA expression vector. Matrigel invasion assays were carried out 72 h after transfection in triplicates with Biocoat matrigel invasion chambers (Becton Dickinson Labware, Bedford, Mass.). Prior to use, the upper and lower compartments were filled with 0.5 ml of prewarmed KSFM for rehydrating the matrigel layer and incubated for 2 h at 37°C. The medium in the lower compartment was replaced by 0.5 ml of conditioned KSFM harvested from AVS cells after 24 h of incubation and supplemented with 10% fetal bovine serum (25, 32, 46) . The medium in the upper compartment was replaced by 1.5 ϫ 10 5 transfected cells in 0.5 ml of KSFM. After 48 h, the medium in both chambers was replaced by KSFM containing 0.5 mg of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) per ml, which was left for 2 h. After removal of the MTT-containing medium, the upper surface of the invasion chamber insert membrane was scrubbed five times in each direction with a cotton swab, and the membrane was removed from the invasion chamber insert with a scalpel. The cotton swab and the membrane were each placed in a tube containing 1 ml of dimethyl sulfoxide (DMSO), and the optical density was measured at 595 nm. The extinction of the cotton swab containing DMSO is a direct indicator of the number of cells which remained in the upper chamber (a), and the extinction of the membrane containing DMSO is a direct indicator of the number of cells which transmigrated through the matrigel and the membrane (b), as previously described (44) . Percent invasion is expressed as the extinction b divided by the total extinction a ϩ b. 
RESULTS
Identification of differentially expressed genes by suppression subtractive cDNA hybridization. To exclude differences in gene expression resulting from comparing different rabbit individuals, we used histologically verified papilloma-carcinoma pairs taken simultaneously at 13 months postinfection from the same rabbits, using a total of two rabbits (rabbits 1 and 2) for a first screen. Total mRNA was isolated, and differentially expressed transcripts in papillomas versus carcinomas were identified by the technique of suppression subtractive cDNA hybridization (18) . This technique is based on the selective amplification of cDNAs which are derived from transcripts abundant in one of two tissues compared (the tester) and the suppression of amplification of transcripts which are present in equal amounts in the two tumor types. To identify candidates for papilloma-associated genes, cDNA from papillomas was used as a tester. Vice versa, to identify candidates for carcinoma-associated genes we used cDNA from carcinomas as a tester. The resulting 92 cDNAs were sequenced, and nucleic acid homology searches using GenBank of NCBI revealed that 49 genes were unique. Thirteen of the 49 unique genes shared more than 85% homology to known rabbit genes; 23 other cDNAs showed homology only to human, mouse, rat, or dog genes and are therefore considered to be rabbit homologues (rh's) of these genes (Table 2) ; and the remaining 13 cDNAs showed no homology to any sequences in the NCBI GenBank. We performed the following analysis with 15 candidate genes. Negative selection criteria for known genes were involvement in cell metabolism or being a pseudogene.
Verification of the differential expression by quantitative RT-PCR. In order to verify and quantify the differential expression of the transcripts identified by suppression subtractive cDNA hybridization, their expression levels in the papillomacarcinoma pairs of rabbits 1 and 2 and in another histologically verified papilloma-carcinoma pair of a third rabbit was examined by quantitative RT-PCR. First, total RNA obtained from all biopsies was DNase I treated and reverse transcribed by using oligo(dT) priming. Each subsequent quantitative PCR was carried out with 50 ng of cDNA and SYBR Green and the primers listed in Table 1 . To obtain the absolute transcript numbers of the genes examined, a standard curve with 10-fold dilutions of target DNA was generated in parallel to each PCR as described in Materials and Methods. The specificity of the amplicons obtained during each PCR with cDNAs of the biopsy samples was verified by comparison of their melting points with the melting points of amplicons obtained with target DNAs of the plasmid standards. The absolute transcript numbers of each gene examined were normalized to ␤-actin transcript numbers determined for the same cDNA. The quotient of the relative transcript numbers determined for each papilloma-carcinoma pair gives the x-fold transcript increase or decrease for all investigated genes in the carcinomas. Interestingly, we could not in any case verify a differential overexpression of certain genes in papillomas relative to carcinomas. In contrast, the transcripts of 5 of the 15 genes examined proved to be increased (as defined by a Ն2-fold difference) in all three carcinomas: the rh to 14-3-3 , the Ca 2ϩ -dependent m-type protease (rh to human calpain 2), casein kinase 1 ␣, mRNP particle major protein p50 (rh to the human transcription factor YB-1 (21), and rh NB thymosin ␤. The transcripts of seven genes examined proved to be increased in only two of three of the carcinomas, and three genes showed an increase of their transcripts in only one carcinoma. Transcripts of two genes with no homology to sequences in the NCBI GenBank showed an increase in two carcinomas. The other genes with no homology to sequences in the NCBI GenBank remained unchanged or showed an increase in transcript number in only one carcinoma and are therefore not included in Table 2 .
In order to substantiate our findings for the genes that were upregulated in all three papilloma-carcinoma pairs, their transcript numbers were determined by quantitative RT-PCR with five additional histologically verified papilloma-carcinoma pairs, where papillomas and carcinomas were taken at 3 and 13 months postinfection, respectively. In addition we analyzed the transcript levels of rh chaperonin, annexin I, rh ribosomal protein L27, and rh PA-FABP, which were found to be upregulated in two of three carcinomas in the first screen, as well as the transcript for CRPV E7, which was found to have increased numbers in only one carcinoma. This analysis confirmed, in general, an increase of the transcripts for rh 14-3-3 and mRNP particle major protein p50/YB-1 in all carcinomas, while transcripts for rh calpain 2 and casein kinase 1 ␣ were found to be increased in seven of eight carcinomas, transcripts for rh chaperonin were found to be increased in six of eight carcinomas, and transcripts for rh NB thymosin ␤, annexin I, and rh ribosomal protein L27 were found to be increased in only five of eight carcinomas (Table 3 ). In contrast, the transcripts for CRPV E7 were only moderately increased in two carcinomas but remained unchanged or decreased in six carcinomas. When calculating the mean relative expression changes of all papilloma-carcinoma pairs, the most prominent increases were found for the transcripts for mRNP particle lected transcripts with frozen sections of the papilloma-carcinoma pairs of rabbits 1, 2, and 3. The results obtained with antisense RNA probes for CRPV E7, rh 14-3-3 , and annexin I (data not shown) and for rh NB thymosin ␤, mRNP p50 particle major protein/YB-1, and casein kinase 1 ␣ (Fig. 1, 2 , and 3) indicated expression of the transcripts exclusively in epithelial tissue in all biopsies, with the exception of rh NB thymosin ␤, which resulted, in addition, in some spotted signals also in the connective tissue (Fig. 1B and 2B ). Antisense RNA probes for rh calpain 2 did not produce any signal in the in situ hybridization analysis, most probably because of the low transcript numbers observed by quantitative RT-PCR analysis (ranging from 0.15 to 2.5 transcripts per ␤-actin transcript, compared to, e.g., 4.8 to 110 mRNP particle major protein p50/YB-1 transcripts per ␤-actin transcript in the papillomacarcinoma pairs investigated). CRPV E7, rh NB thymosin ␤, the particle major protein p50/YB-1, and rh 14-3-3 were expressed mainly in the basal layers of the papillomas, whereas annexin I and casein kinase 1 ␣ were expressed throughout the epithelium. When comparing papillomas with carcinomas, an increase of transcripts for thymosin ␤ and p50/YB-1 was observed, which was especially highly pronounced in the invading part of the carcinoma tissue of rabbit 2 ( Fig. 2 and 3) . In contrast, the transcript for casein kinase 1 ␣ showed differences in expression levels in only one carcinoma (Fig. 3) compared to the papilloma shown in Fig. 1 .
To obtain more quantitative evidence for the upregulation of the transcripts within the carcinoma cells, frozen sections of a papilloma-carcinoma pair were used for laser capture microdissection. For papilloma sections the basal layers to the spinous layers of the papilloma epithelium was dissected from the tissue, leaving connective tissue and highly differentiated papilloma epithelium, whereas for the carcinoma only the deeply invading part was taken in order to be able to compare gene expression in the less differentiated cells of the papilloma to that in the carcinoma cells. Total RNA was isolated from the dissected material, and determination of cDNA synthesis, quantitative PCR, and determination of transcript number were carried out as described above. Figure 4 summarizes the relative differences in gene expression in the papilloma-carcinoma pair, showing that the increase of all cellular transcripts of interest in the carcinoma could be verified, with the exception of annexin I. The transcripts for rh 14-3-3 , rh calpain 2, casein kinase 1 ␣, mRNP particle major protein p50/YB-1, and rh chaperonin were increased in the carcinoma cells to roughly the same extent as observed when comparing undissected tissue of the different papilloma-carcinoma pairs. Transcripts of CRPV E7 and annexin I were not increased or were only moderately increased in the microdissected carcinoma cells. Interestingly, the transcripts of rh NB thymosin ␤ showed a greater increase in the microdissected epidermis of the carcinoma than in total biopsy material, which could be due to the irregular spotted expression of thymosin observed also in the connective tissue as demonstrated by in situ hybridization analysis ( Fig. 1B and 2B) . Determination of viral load. To investigate a possible correlation between viral genome copy number and the extent of cellular gene deregulation, the viral loads in the biopsies of rabbits 1, 2, and 3 were determined by real-time PCR. CRPV genome copy numbers were standardized for ␣-tubulin gene copy numbers. The results, given as copies per cell, do not support a correlation between increased transcription of specific cellular genes and viral copy number (Table 4) .
Inhibition of cell invasion by gene silencing of mRNP particle major protein p50/YB-1, rh calpain 2, or rh NB thymosin ␤. The human counterparts of mRNP particle major protein p50/YB-1, rh calpain 2, and rh NB thymosin ␤ have already been shown to be involved in cell invasion in several other experimental systems (26, 31, 33) . We therefore analyzed whether these rabbit genes also contribute to the invasion of CRPV-positive rabbit keratinocytes in tissue culture. Because primary epithelial rabbit cells cannot be used in the matrigel invasion assay, we generated a CRPV-positive rabbit cell line by infection of primary keratinocytes of a New Zealand White domestic rabbit with CRPV particles designated AVS. These cells showed an invasion rate of approximately 50% in matrigel invasion assays. To interfere with the expression of mRNP particle major protein p50/YB-1, rh calpain 2, and rh NB thymosin ␤ in AVS cells, gene-specific siRNA expression vectors (pSUPER-p50, pSUPER-calpain 2, pSUPER-thymosin ␤) were constructed. In addition an siRNA expression vector directed against the luciferase gene (pSUPER-luc) was constructed, which specifically reduced luciferase expression in reporter assays (data not shown). AVS cells were transfected with 750 ng of either pSUPER-p50, pSUPER-calpain 2, or pSUPER-thymosin ␤ or with the parental expression vector pSUPER. To control for nonspecific effects of biologically active siRNA, AVS cells were also transfected with pSUPERluc. Transfected cells were subjected to a matrigel invasion assay at 72 h posttransfection. In addition, we extracted total RNA and determined the ratios of transcript levels of p50/ YB-1, thymosin ␤, and calpain 2 to ␤-actin transcripts by quantitative real-time RT-PCR, which clearly demonstrated a re- FIG. 4 . Determination of the relative differences in transcript numbers in microdissected tissue of a papilloma versus a carcinoma for rh 14-3-3 , mRNP particle major protein p50/YB-1, rh calpain 2, casein kinase 1 ␣, rh chaperonin, annexin I, rh NB thymosin ␤, and CRPV E7. Absolute transcript numbers were determined by quantitative RT-PCR and normalized to the absolute transcript numbers of the housekeeping ␤-actin gene, which were determined for each cDNA. The quotient of the relative transcript numbers determined for the papilloma-carcinoma pair gives the x-fold increase of transcript numbers for all investigated genes in the carcinoma. At least two experiments were performed with each cDNA. Error bars indicate standard deviations. duction of transcript levels by the specific siRNA constructs, from 3-fold for thymosin ␤ and calpain 2 to 20-fold in the case of p50/YB-1, in comparison to pSUPER or pSUPER-luc. Cells transfected with pSUPER or pSUPER-luc showed a similar invasion rate of approximately 50%, indicating that expression of a biologically active siRNA per se does not influence the invasive behavior of AVS cells (Fig. 5) . In contrast, expression of siRNA specific for mRNP particle major protein p50/YB-1 led to a reduction of cell invasion to 23% (Fig. 5) , whereas expression of siRNA specific to rh calpain 2 or rh NB thymosin ␤ reduced invasion to 33% (Fig. 5) . Taken together, these results suggest that mRNP particle major protein p50/ YB-1, rh calpain 2, and rh NB thymosin ␤ contribute to the invasion of CRPV-positive cells in vitro and therefore are likely to play a role in progression in vivo.
DISCUSSION
To analyze the pathway of papillomavirus-induced carcinogenesis, a number of studies previously investigated the influence of different HPV types on the gene expression of the host cells in tissue culture. By using cDNA microarrays, downregulation of interferon-responsive genes and upregulation of proliferation-responsive genes by HPVs have been identified (13, 35) . To study events associated with invasion processes in vivo, we employed the CRPV squamous carcinoma model with New Zealand White rabbits to search for genes involved in malignant progression. Pairs of CRPV-induced benign and malignant biopsies of New Zealand White rabbits were used for suppression subtractive cDNA hybridization and quantitative RT-PCR analysis. These experiments allowed to identify genes, such as those for rh YB-1 protein (21), rh 14-3-3 protein, rh calpain 2, rh NB thymosin ␤, and rh casein kinase 1 ␣, that had increased transcript levels in the majority of the carcinomas investigated. Whether these increased transcript levels are due to enhanced transcription or increased mRNA stability cannot at present be differentiated. In contrast, CRPV E7 transcript levels remained rather constant, suggesting that a further increase in the levels of E7 is not necessary for steps following tumor induction, which is in line with earlier observations (52) .
With the exception of 14-3-3 , which is identical to phospholipase 1 ␣ and has been described to be downregulated in HPV31-positive human keratinocytes, these genes have so far not been found to be influenced by papillomaviruses (13) . However, YB-1, several isoforms of thymosin ␤, and also 14-3-3 have been demonstrated to be upregulated in several kinds of human cancers (17, 24, 49, 51) , suggesting that these genes are involved in the progression rather than the induction of tumors.
One of the most dramatically upregulated genes in carcinomas was the gene encoding the rh for the transcription factor YB-1 (21) . Enhanced transcription of YB-1 was previously found to correlate with the outcome of breast cancer (24) , which led to the proposal to use YB-1 expression levels as a prognostic marker for this malignant disease (24) . More interestingly, it was found that in combination with the transcription factor AP-2 and p53, YB-1 acts to induce transcription and protein secretion of gelatinase A (MMP2) (33) , which is a known factor contributing to tumor invasion.
MMP2 was also shown to be induced by the product of the thymosin ␤ gene (6, 27) , which is another of the genes found to FIG. 5 . Transfection of siRNA expression vectors specific for either mRNP particle major protein p50/YB-1, rh calpain 2, or rh NB thymosin ␤ reduces cell invasion in matrigel invasion assays. A 750-ng amount of each siRNA expression vector containing target sequences for either mRNP particle major protein p50/YB-1, rh calpain 2, rh NB thymosin ␤, or the luciferase gene (pSUPER-p50, pSUPER-calpain 2, pSUPER-thymosin ␤, or pSUPER-luc, respectively) were transfected in the CRPV-positive rabbit keratinocyte cell line AVS. Transfected cells (10 5 ) were plated in the upper chamber of the transwell plate in serum-free medium. The lower chamber contained conditioned medium supplemented with 10% fetal bovine serum. After 48 h, living cells were stained with MTT. Cells collected from the upper or the lower chamber were lysed in DMSO separately, and the extinction was measured at 595 nm. Percent invasion is expressed as the extinction of cells that invaded through the membrane divided by the total extinction. The invasion of the transfected cells is expressed relative to the invasion of cells transfected with the parental pSUPER vector. Error bars indicate standard deviations.
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on June 23, 2017 by guest http://jvi.asm.org/ be upregulated during the progression of CRPV-induced tumors. Several isoforms of the G-actin-sequestering protein thymosin ␤ were found to be upregulated in various transformed cell types and carcinomas (2, 11) , which is in line with our findings. Overexpression of thymosin ␤ 15, which shares the highest sequence homology to the thymosin cDNA found to be overexpressed in rabbit carcinomas, correlates with the metastatic potential of mouse lung carcinomas, human breast carcinomas, and prostatic carcinomas and is therefore discussed as a prognostic marker to predict the metastatic potential of these tumors (1, 2) . The importance of thymosin ␤ for tumor progression has further been demonstrated by the introduction of antisense constructs of thymosin ␤ in metastatic cell lines, which reduced their metastatic potential (2, 26) . Another gene found to be upregulated in CRPV-induced carcinomas is that for rh calpain 2. It was shown that the expression level of calpain 2 transcripts remains unchanged in healthy prostata tissue and prostata carcinomas. However, calpain 2 cleaves scaffold proteins of focal adhesion plaques, such as talin, paxillin, and the focal adhesion kinase, and also induces expression and secretion of MMP2 and -9, thereby contributing to increased cell motility (12, 14, 38, 39) . Inhibition of calpain 2 by introduction of antisense constructs or by using specific calpain 2 inhibitors results in decreased cell invasion of various carcinoma cell lines (31, 38) . Interestingly, calpain by itself can be activated by degradation products of collagen type I resulting from the activity of MMP2 (12) . These findings are in line with our results that siRNA-mediated interference with gene expression of either mRNP particle major protein p50/ YB-1, rh calpain 2, or rh NB thymosin ␤ in a CRPV-positive cell line reduced the invasive potential in matrigel assays.
Both mouse thymosin ␤ and calpain 2 can be regulated in their expression by the ERK/MAPK signal cascade (22, 29) . Interestingly, the 14-3-3 gene, whose rh was found to be constantly overexpressed in CRPV-induced carcinomas, is capable of binding and activating c-Raf, leading to the subsequent activation of the downstream effectors of the ERK/ MAPK pathway (28, 34, 48) . It is therefore conceivable that upregulation of 14-3-3 may be responsible for the observed overexpression of thymosin ␤ and calpain 2. Another intriguing ability with regard to enhanced cell motility is the capacity of 14-3-3 to rearrange the actin cytoskeleton by direct interaction with the actin-dephosphorylating factor cofilin and its regulating kinase (5) . In context with these results, the transcript for casein kinase 1 ␣, a serine/threonine kinase which is able to phosphorylate 14-3-3 (19) and ␤-catenin (30) in vivo and in vitro, was also found to be upregulated in seven of eight CRPV-induced carcinomas investigated. At present, however, the functional consequence of the phosphorylation of 14-3-3 is unknown (47) .
In summary, this study identified a number of cellular genes involved in cell motility and invasion, some of which are already known from studies with humans to contribute to tumor invasion, that showed upregulated transcription during the progression of CRPV-induced tumors. Functional analysis by siRNA-mediated interference with the expression of the genes for YB-1, thymosin ␤, and calpain 2, which were the most upregulated in CRPV-induced carcinomas, revealed their direct role in tissue invasion.
